Materials. 15 N-ammonium chloride, [ 13 C 6 , 2 H 7 ]-glucose, 99.9% 2 H 2 O and folate were purchased from Sigma-Aldrich. NADPH was purchased from Melford. Dihydrofolate was prepared by dithionite reduction of folate. 1 The concentration of NADPH was determined spectrophotometrically using an extinction coefficient of 6,200 M -1 cm -1 at 339 nm, and an extinction coefficient of 28,000 M -1 cm -1 was used to determine the concentration of DHF at 282 nm.
Pre-steady state kinetic measurements. Hydride transfer rate constants were measured under single-turnover conditions on an Applied Photophysics stopped-flow spectrophotometer. The enzyme (20 µM final concentration) was pre-incubated with NADPH (10 µM final concentration) for at least 5 min in 100 mM potassium phosphate (pH 7.0) containing 100 mM NaCl and 10 mM β-mercaptoethanol, and the reaction was started by rapidly mixing with DHF (200 µM final concentration) in the same buffer. Increasing the concentration of DHF to 400 µM does not affect the rate constants. Loss of fluorescence resonance energy transfer from the enzyme to NADPH during the reaction was observed by exciting the sample at 292 nm and measuring the emission using an output filter with a 400 nm cut-off, and double exponential fitting was applied. Each data point was an average of four to six measurements. This was repeated three times and errors were propagated. To determine the pK a of the hydride transfer reaction catalyzed by both light and heavy MpDHFRs, pre-steady state kinetics were measured in MTEN buffer (50 mM MES, 25 mM Tris, 25 mM ethanolamine, 100 mM NaCl and 10 mM β-mercaptoethanol) at 5° C. Measurements at higher temperatures were limited by the extremely fast reaction at low pH. Activation parameters were obtained by fitting the data for each enzyme to the Eyring equation:
, where k is rate constant, ΔH ‡ is Figure S1
. Electrospray ionization mass spectrometry of light, 13 C, 15 N doubly labeled, perdeuterated and 13 C, 15 N, 2 H-triply labeled MpDHFRs. Figure S2 . Arrhenius plots of the experimental A) steady-state turnover rate constants and B) presteady-state hydride transfer rate constants, and C-D) the temperature dependence of their corresponding enzyme KIEs (ratio of light to heavy enzyme rate constants, k LE /k HE , plotted on a logarithmic scale against the inverse temperature. Data for the 'light' enzyme are in red, 13 C, 15 N, 2 H triply labeled enzyme in blue, 13 C, 15 N doubly labeled enzyme in orange and perdeuterated enzyme in green. Figure S3 . CD spectra for light MpDHFR (red) and 13 C, 15 N, 2 H triply labeled MpDHFR (blue) at 20 C. Figure S4 . Change in the mean residue ellipticity at 230 nm (left) and 222 nm (right) with temperature for light (red) and 13 C, 15 N, 2 H triply labeled (blue) MpDHFR, measured in 10 mM potassium phosphate buffer (pH 7.0). Figure S5 . pH dependence of the hydride transfer rate constants for light MpDHFR (red) and 13 C, 15 N, 2 H triply labeled MpDHFR (blue) at 5 C. 
QM/MM EA-VTST calculations and molecular dynamics simulations
The simulation model. The starting structure for dynamic simulations of MpDHFR was obtained from the Protein Data Bank entry 3IA5, 4 which codes for the crystal structure of the apoenzyme. The substrate folate and cofactor NADPH were introduced based on the coordinates of the ligand-bound
MpDHFR structure (PDB: 3IA4). This procedure was followed as 3IA5 has fewer unresolved atoms than 3IA4 and, particularly, the atoms of the B chain of 3IA5 are almost complete, making it the best initial model. The PROPKA3 program 5, 6 was used to estimate the pK a values of the titratable protein residues to verify their protonation states at pH 7. To neutralize the system, 11 sodium counterions were placed in optimal electrostatic positions around the enzyme. Finally, the system was solvated using a cubic box of TIP3P water molecules with side lengths of 65.0 Å; water molecules with an oxygen atom within 2.8 Å of any heavy atom were removed. The full system contained 27282 atoms, containing the protein (162 residues, 2560 atoms), the substrate and cofactor (52 and 74 atoms, respectively), 11 sodium ions and 8195 water molecules, 111 of crystallization and 8084 of solvation (a total of 24585 atoms). Heavy MpDHFR was prepared in silico by modifying the masses of all 14 N, 12 C and non-exchangeable 1 H atoms to those of 15 N, 13 C and 2 H, respectively. The ratio between the molecular weights of the simulated heavy and light enzymes was 1.11, similar to the experimentally measured molecular weight increase.
The whole system was divided into a QM part and a MM part to perform combined QM/MM calculations ( Figure S6 ). The quantum subsystem contained 76 atoms, including parts of the cofactor (nicotinamide ring and the ribose) and substrate (pteridine ring and the N-methylene-substituted paminobenzoyl, pABA). Two hydrogen 'link' atoms 7, 8 were used to saturate the valence at the QM-MM boundary ( Figure S6 ). The quantum atoms were treated by the AM1 Hamiltonian, 9 modified using specific reaction parameters (denoted as AM1-SRP) developed previously for DHFR. 10 The protein atoms and the ions were described by OPLS-AA 11 force field while the water molecules were described by the TIP3P potential. 12 Cutoffs for the nonbonding interactions were applied using a switching function within a radius range of 13.0 to 9.0 Å. Periodic boundary conditions were employed within the minimum image convention in all the simulations. 
Potential of Mean Force (PMF)
. 13 One-dimensional PMFs, W CM , were computed using the antisymmetric combination of distances describing the hydride transfer, = d C4Ht -d HtC6 , as the reaction coordinate. The umbrella sampling approach was used, 14 with the system restrained to remain close to the desired value of the reaction coordinate by means of the addition of a harmonic potential with a force constant of 2500 kJ mol -1 A -2 , which allows good overlap between windows.
The reaction coordinate was then explored in a range from -2.07 to 1.64 Å and the total number of windows was 53. The probability distributions obtained from MD simulations within each individual window were combined by means of the weighted histogram analysis method (WHAM). 15 Finally, a QM/MM MD simulation of 20 ps was performed from the top of the PMF (fixing the value of the reaction coordinate) with a small time step of 0.1 fs to ensure the convergence of the algorithm and forces acting on the reaction coordinate were saved at each simulation step. We previously tested that the GH approach gives transmission coefficients in very good agreement with those obtained from activated trajectories initiated at the TS ensemble. 24, 25 The recrossing transmission coefficients γ(T,ξ) were calculated using eq. S1 for the light and heavy versions of MpDHFR. Because the heavy enzyme is slower it presents a higher friction and thus a smaller value of the transmission coefficient. The values obtained at the different temperatures are presented in Table S5 . The transmission coefficients of the two versions were found to be statistically different. . [26] [27] [28] In this approach, the theoretical estimation of the rate constant can be written as:
is the quasiclassical activation free energy at the transition state, obtained from the classical mechanical (CM) PMF and included a correction for quantizing the vibrations orthogonal to the reaction coordinate and the vibrational free energy of the reactant mode that correlates with motion along the reaction coordinate, and is calculated as:
where W vib (T, *) corrects W CM (T, *) to account for quantized vibrations orthogonal to the reaction coordinate along which the PMF is defined, z, at the maximum of the PMF, *; W vib,R (T) corrects W CM (T, R ) for quantized vibrations at the reactant side minimum of the PMF, R , and G CM R,T,F is a correction for the vibrational free energy of the reactant mode that correlates with motion along the reaction coordinate. 26 To correct the classical mechanical PMF, W CM , normal mode analyses were performed for the quantum region atoms. contributions:

The recrossing transmission coefficients for the heavy and light versions of the enzyme, , were calculated as described above (Eq (S1)). The tunneling transmission coefficients, κ, were calculated with the small-curvature tunneling (SCT) approximation, which includes reaction-path curvature appropriate for enzymatic hydride transfers and, in particular, for DHFR. [29] [30] [31] [32] The final tunneling contribution (see main text) is obtained as the average over the reaction paths of 15 TS structures.
Finally, Eq (S4) can be transformed into Eq (S6) by incorporating the transmission coefficient into the exponential term, giving a phenomenological free energy of activation, G eff : Figure S8 . Dynamic cross-correlation map (DCCM) 33 , measuring the correlation between the displacements of Cα atoms, calculated from QM/MM simulations of the reactants state of EcDHFR, MpDHFR and BsDHFR. The correlation scores are encoded with a colour gradient from −1 (blue, completely anti-correlated) to +1 (red, completely correlated).
